ABSTRACT Spider mites are difÞcult to identify because they are very small and have a limited number of diagnostic characters. Most species of the spider mite genus Tetranychus in Japan are morphologically similar, differing only in the diameter of the aedeagal knob in males. Because this genus contains many important pests, the unambiguous identiÞcation of species is crucial for effective pest management and quarantine procedures. DNA-based methods could complement the morphological methods. We examined whether Tetranychus species in Japan could be identiÞed by DNA sequences using the internal transcribed spacer region of nuclear ribosomal DNA and the cytochrome c oxidase subunit I gene of mitochondrial DNA. We determined sequences of the 13 known Tetranychus species in Japan. We could identify 10 of the 13 species in the internal transcribed spacer tree. In the cytochrome c oxidase subunit I tree, we could identify all 13 known Tetranychus species in Japan. Although Tetranychus kanzawai Kishida and T. parakanzawai Ehara were identiÞed by DNA sequences, they were clearly separated into two monophyletic clades each, indicating that a cryptic species existed in each species.
Spider mites of the family Tetranychidae, including Ϸ1,200 species, contain many pest species of high economic and quarantine importance in agriculture (Bolland et al. 1998, Migeon and Dorkeled 2006) . Species of the genus Tetranychus have an especially strong effect on agricultural and horticultural crops, and most of them are polyphagous. Even though the systematics of the genus has been extensively studied for many years, the small size of these mites (Ͻ0.5 mm) and the limited number of potential diagnostic characters make morphological identiÞcation difÞcult in some cases (Wauthy et al. 1998 , Zhang and Jacobson 2000 ). Most species of the spider mite genus Tetranychus in Japan are morphologically similar, differing only in the diameter of the aedeagal knob in males (Ehara 1999, Ehara and ). However, most specimens collected in the Þeld are female adults because of a female-biased sex ratio (Sabelis 1991) . Furthermore, morphological keys rely on characters of adult specimens and cannot be used to reliably identify immature stages.
Recently DNA barcoding method based on short DNA sequences has been used as an effective tool for species identiÞcation of many animals (e.g., Blaxter 2003; Hebert et al. 2003a Hebert et al. , 2003b Hajibabaei et al. 2006) . Different species exhibit extremely limited morphological variation despite large genetic divergence between them; such cryptic species can be detected only through molecular analysis (e.g., Ball et al. 2005 , Witt et al. 2006 . Two very differently evolving genomic regions, which are the segment of the internal transcribed spacer (ITS) region of nuclear ribosomal DNA (rDNA) and the cytochrome c oxidase subunit I (COI) gene of mitochondrial DNA (mtDNA), are often used for species identiÞcation and discovering cryptic species (Wagener et al. 2006 , Coleman 2009 , Wang and Qiao 2009 .
The use of molecular techniques to identify species has increasingly been also advocated for Tetranychus, whose deÞnitive morphological characters are limited. The usefulness of the ITS region and the COI gene for identifying tetranychid species has been investigated in several species. For example, Tetranychus urticae Koch and Tetranychus turkestani Ugarov & Nikolskii were not identiÞable in the COI tree, but these two species formed separate clades in the ITS tree (Navajas and Boursot 2003) . However, DNA-based methods for identifying other Tetranychus species have encountered some difÞculties. Hinomoto and Takafuji (2001) showed that Tetranychus kanzawai Kishida and Tetranychus parakanzawai Ehara could not be identiÞed by using the ITS region and the COI gene. Eight of 11 Tetranychus species in Japan could be identiÞed using restriction fragment-length polymorphism (RFLP) after polymerase chain reaction (PCR) of the ITS region but three other species (T. kanzawai, T. parakanzawai, and Tetranychus ezoensis Ehara), which are morphologically close to each other, could not be identiÞed (Osakabe et al. 2008) . Most previous studies of Tetranychus species have used a short fragment of the ITS region (Ϸ500 bp; Hinomoto and Takafuji 2001, BenÐDavid et al. 2007 ) and the COI gene (Ϸ400 Ð700 bp; Hinomoto et al. 2001 , Hinomoto and Takafuji 2001 , 2004 , Ros and Breeuwer 2007 for analyses. However, using a longer fragment would help to minimize the inßuence of nucleotide variability caused by random variation (Roe and Sperling 2007) , and long fragments of DNA contain more information than short ones (Zhang et al. 2008) . In this study, therefore, we determined the ITS (741Ð 817 bp) and COI (900 bp) sequences of all 13 known Tetranychus species in Japan to examine whether these species could be identiÞed by DNA sequences.
Materials and Methods
Mites. Thirteen Tetranychus species (43 strains) were used in this study together with Oligonychus coffeae (Nietner) and Oligonychus gotohi Ehara as outgroups (Table 1) . T. evansi were reared on solanaceous weed (Solanum nigrum L.), T. ezoensis were reared on mulberry leaves (Morus bombycis Koidzumi), O. coffeae were reared on tea leaves (Camellia sinensis (L.) Kuntze) and O. gotohi were reared on Japanese stone oak (Lithocarpus edulis (Makino) Nakai). Other species were reared on common bean leaves (Phaseolus vulgaris L.). The leaves were placed on a water-saturated polyurethane mat in a plastic dish (90 mm diameter, 20 mm depth). The mites were reared at 25ЊC and under a photoperiod of 16:8 (L:D) h until analysis. After laboratory strains established, randomly selected samples were morphologically identiÞed. Specimens were mounted in HoyerÕs medium and identiÞed under phase-contrast and differential interference-contrast microscopes. Voucher specimens are preserved at the Laboratory of Applied Entomology and Zoology, Faculty of Agriculture, Ibaraki University under the serial voucher specimen numbers.
Molecular Analyses. Mites randomly selected from each strain were used for molecular analyses. Total DNA was extracted from the whole body of each female individual by using PrepMan Ultra Reagent (Applied Biosystems, Foster City, CA). The PCR primers are given in Table 2 . PCR ampliÞcation was performed with the following proÞle: 3 min at 94ЊC, followed by 35 cycles of 1 min at 94ЊC, 1 min at 45Ð51ЊC, and 1.5 min at 72ЊC. An additional 10 min at 72ЊC was allowed for last strand elongation. The resultant DNA solutions were puriÞed by using MinElute PCR PuriÞcation Kit (Qiagen, Valencia, CA) and sequenced directly or after cloning into the pGEM-T vector (Promega, Madison, WI). Sequencing was carried out in both directions using the amplifying primers with a BigDye Terminator Cycle Sequencing Kit v.3.1 (Applied Biosystems) and on an ABI 3130xl automated sequencer.
All sequence data obtained were deposited in DDBJ/EMBL/GenBank International Nucleotide Sequence Databases (Table 1) . Sequences obtained were aligned using CLUSTAL W (Thompson et al. 1994 ) and numbers of parsimony informative sites were calculated using MEGA5 software (Tamura et al. 2011) . Gaps included in the ITS sequences were treated using the complete deletion option in MEGA5, which removes sites containing missing data or alignment gaps before the analyses. Genetic distances (pdistances; intraspeciÞc and interspeciÞc divergences) of Tetranychus species were calculated by MEGA5. IntraspeciÞc divergences were calculated for 12 of the 13 Tetranychus species that were collected in more than two locations. For the maximum-likelihood (ML) analysis, we used the best-Þt model (GTRϩG model for ITS and TN93ϩG model for COI) chosen by MEGA5. Before constructing ML trees, we conducted a test of substitution saturation using DAMBE version 5.2.14 software (Xia and Xie 2001) . Transitions/transversions versus divergence (GTR genetic distances for ITS and TN93 genetic distances for COI calculated by DAMBE) were plotted, to assess saturation of the ITS and COI sequences. ML trees were constructed with MEGA5. O. coffeae and O. gotohi were used as outgroups (Table 1) . COI sequences for O. coffeae and O. gotohi were obtained from previously published data (Matsuda et al. 2012) . The robustness of the branches was tested by bootstrap analysis (Felsenstein 1985) with 1,000 replications.
Cross Experiments. In the COI tree, T. kanzawai and T. parakanzawai distinctly consisted of two clades each. The two clades could not be distinguished by morphology. To determine the reproductive compatibility between strains obtained from the different clades of each species, reciprocal crosses were carried out. For T. kanzawai, the Shizuoka strain (Tka1; voucher specimen no. 0158 shown in Table 1 ) and the Hokkaido strain (Tka2; no. 0166), and for T. parakanzawai, the Ibaraki strain (Tpa2; no. 0155) and the Okinawa strain (Tpa1; no. 0030) were chosen for cross experiments.
Arthropods might be infected by intracellular bacteria of the genera Wolbachia (alpha Proteobacteria) and Cardinium (Sphingobacteria), which can cause reproductive abnormalities in the host when infected individuals are crossed with uninfected ones, or when individuals infected with different strains are crossed ). Then, we checked whether T. kanzawai (voucher specimen no. 0158 and 0166) and T. parakanzawai (0155 and 0030) strains were infected with Wolbachia and Cardinium. The presence of Wolbachia was examined using two pairs of Wolbachia-speciÞc 16S rDNA (99f-992R; OÕNeill et al. 1992) and the ftsZ gene (fts Z f1-r1; Holden et al. 1993) . The primers used for detection of Cardinium were CLO-f1 and CLO-r1 (Gotoh et al. 2007 ). The samples were also examined by a set of primers for the COI gene (C1-J-1718 and COI REVA; Table 2 ) to verify the quality of the DNA template used in the reaction to detect false negatives for Wolbachia and Cardinium. The techniques used here have been described by Gotoh et al. ( , 2007 . Before carrying out cross experiments, tetracycline was administered to Wolbachia-infected strains through the leaves by dissolving it in the water used to moisten the cotton bet under the leaves as described by Gotoh et al. (1995) and Gomi et al. (1997) .
Single females in the teleiochrysalis stage (the Þnal immature resting stage) obtained from each stock culture were transferred onto a small leaf disc (Ϸ4 cm 2 ) of common bean with two adult males (1-to 3-d-old) from each of the strains. Five days after the start of oviposition on each disc, the female and male adults were removed. Three individuals were randomly selected to check for the presence of Wolbachia or Cardinium. After reaching the teleiochrysalis stage, the female offspring were backcrossed with males of both of the parental strains to determine the reproductive compatibility in B 1 offspring. Because the egg period was Ͻ6 d in two species (Gotoh and Gomi 2003) , egg hatchability was determined 8 d after removing the adults. All experiments were carried out at 25ЊC and under a photoperiod of 16:8 (L:D) h. Data were analyzed with one-way analysis of variance (ANOVA), and the means were compared using Scheffé Õs test (SPSS Inc. 2009 ). To normalize the data, log transformation was used for the number of eggs laid per female during the Þrst 5 d of the oviposition period, and logistic transformation was used for egg hatchability, survival rate in immature stages and offspring sex ratio data (Sokal and Rohlf 1995) .
Results
Molecular Analyses. The lengths of the ITS and COI sequences that we obtained were 741Ð 817 bp and 900 bp, respectively. The ITS sequences of the Tetranychus species contained a number of insertions and deletions, whereas the COI sequences contained no insertions or deletions. After alignment, the ITS fragment had 854 nucleotide sites, of which 319 were parsimony informative sites. Similarly, after alignment, the COI fragment had 900 nucleotide sites, and of which 292 were parsimony informative sites. The AT contents of the ITS sequences (63.4%) showed a little bias. Meanwhile, the COI sequences of the Tetranychus species were extremely rich in AϩT (76.4%), especially at the third codon position (92.9%). Similar high AT contents have been observed in previous studies of tetranychid mites (Navajas et al. 1996 , Hinomoto and Takafuji 2001 , Hinomoto et al. 2001 , Ros and Breeuwer 2007 , Ito and Fukuda 2009 , Matsuda et al. 2012 ) and insects (Lunt et al. 1996, Lin and Danforth 2004) . Since the transition/transversion ratio approaches one when the divergence between two sequences is large and when substitution saturation occurs (Moritz et al. 1987 , Purvis and Bromham 1997 , Yang and Yoder 1999 , Hinomoto and Takafuji 2004 , our substitution saturation test showed that the ITS region and COI gene were saturated (Fig. 1a,b) , especially at higher genetic distance. Comparison of the genetic distances of the ITS region used for species identiÞcation showed that intraspeciÞc divergences (0.0 Ð 0.9%) of 13 Tetranychus species (black bars in Fig. 2a) were overlapped with interspeciÞc divergences (0.0 Ð12.9%; white bars). Similarly, the genetic distances of the COI gene showed that the ranges of intra-and interspeciÞc divergences overlapped (0.0 Ð 5.0 and 0.9 Ð16.3%; Fig. 2b ).
In the ITS tree, 10 of 13 Tetranychus species formed a monophyletic clade (Fig. 3) . Three species (T. kanzawai, T. parakanzawai, and T. ezoensis) were polyphyletic and they were not independently clustered in the ITS tree. The COI tree supported mono- phyly in 11 species, namely the monophyletic species in the ITS region plus T. ezoensis (Fig. 4) . T. kanzawai was not monophyletic but clearly separated into two clades, Tka1 and Tka2, with high bootstrap values (98 and 89%, respectively). Similarly, T. parakanzawai was not monophyletic but separated into two clades, Tpa1 and Tpa2 (bootstrap values: 96 and 60%, respectively). These results indicated that a cryptic species existed in T. kanzawai and T. parakanzawai each.
Cross Experiments. Before carrying out cross experiments, we checked whether T. kanzawai (voucher specimen no. 0158 and 0166) and T. parakanzawai (0155 and 0030) strains were infected with Wolbachia and Cardinium. Three of the four strains (voucher no. 0158 (Tka1), 0166 (Tka2), and 0155 (Tpa2) shown in Table 1 ) were found to be infected with Wolbachia by PCR. These Wolbachia-infected strains had been treated with tetracycline to eliminate Wolbachia before conducting cross experiments. Therefore, we did not need to consider the inßuence of Wolbachia on reproductive compatibility in crosses.
In intrastrain crosses in the Tka1 and the Tka2 strain, the number of eggs laid per female, egg hatchability, survival rate in immature stages, and offspring sex ratio (proportion of daughters) were high and similar for each strain examined (P Ͼ 0.05, Scheffé test; Table 3 ). The number of eggs laid per female and egg hatchability in interstrain crosses were similar to those in intrastrain crosses (P Ͼ 0.05), but the offspring sex ratio in the Tka2 female and Tka1 male cross was much lower than that in the other crosses (P Ͻ 0.05; Table  3 ). The backcrosses between hybrids from the interstrain crosses resulted in no or few numbers of oviposited females and no hatchlings (Table 3) .
In intra-and interstrain crosses in the Tpa2 and the Tpa1 strain, the number of eggs laid per female was signiÞcantly higher in crosses using females of the Tpa2 strain than in crosses using females of the Tpa1 (Table 1) . strain (P Ͻ 0.05; Table 4 ). Egg hatchability was Ͼ96% in all intra-and interstrain crosses, but the survival rate of immature stages from the Tpa1 female and Tpa2 male cross was about half of the survival rates in the other crosses (P Ͻ 0.05; Table 4 ). No female offspring emerged in the Tpa2 female and Tpa1 male cross, and a lower sex ratio (Ϸ44% females) resulted in the reciprocal cross. The backcrosses between hybrids (Table 1) . from the Tpa1 female and Tpa2 male cross resulted in few numbers of oviposited females and no hatchlings (Table 4) .
Discussion
Unambiguous species identiÞcation of spider mites is the Þrst step in any biological study. If the taxonomically misidentiÞed species names were used, it leads to serious confusions in the future studies, as shown by de Mendonca et al. (2011) . Comparisons of the genetic distances of the ITS region and the COI gene used for species identiÞcation were not effective for identifying Tetranychus species because of overlapping ranges of intra-and interspeciÞc divergences (Fig. 2a,b) . However, because the interspeciÞc divergences in the ITS region and COI gene vary widely among Tetranychus species in Japan, our DNA-based identiÞcation was able to identify these species.
The objective of this study was to identify of Tetranychus species in Japan using DNA sequences. In practice, the sample to be identiÞed is positioned in a previously characterized tree diagram (Meyer and Paulay 2005, Whitworth et al. 2007) . The test sample then receives the identity of its sister clade. Obviously, to be successful, this approach requires the species in the tree to be monophyletic. We could identify 10 of the 13 Tetranychus species because these 10 species formed a monophyletic clade in the ITS tree (Fig. 3) . However, we were unable to identify three species (T. kanzawai, T. parakanzawai, and T. ezoensis). Osakabe et al. (2008) were also unable to identify these three species with PCR-RFLP method based on the ITS region. The only character separating these three species is the diameter of the aedeagal knob in males, which were 4, 3.3, and 3.5 m, respectively (Ehara 1999) . The ITS tree therefore appears unsuitable for identifying these three closely related Tetranychus species.
Using the COI sequences, we could identify all 13 known Tetranychus species in Japan. Eleven of the 13 species, which were the monophyletic species in the ITS region plus T. ezoensis, formed a monophyletic clade (Fig. 4) . The exceptions were T. kanzawai and T. parakanzawai, which were clearly separated into four monophyletic clades (Tka1, Tka2, Tpa1, and Tpa2), indicating that a cryptic species existed in each species. Therefore, we could also identify T. kanzawai and T. parakanzawai by using the COI tree.
T. kanzawai was separated into clades Tka1 and Tka2. Tka1 was collected from Hokkaido to Okinawa and Tka2 was collected only in Hokkaido (Fig. 5) . Similarly, T. parakanzawai was separated into clades Tpa1 and Tpa2. Tpa1 was collected in Okinawa and Tpa2 was collected from Hokkaido to Honshu (Fig. 5) . Clades Tka2 and Tpa2 were grouped together with a high bootstrap value (97%) in the COI tree (Fig. 4) . Thus, the Tka2 strains of T. kanzawai were more closely related to the Tpa2 strains of T. parakanzawai than the Tka1 strains. Similarly, in the COI tree (Fig.  4) , the Tpa1 strains of T. parakanzawai were more closely related to the Tka1 strains than the Tpa2 strains. In the case of organisms whose taxonomy relies on a few morphological characters, the use of molecular tools to estimate genetic variation might detect the presence of different genotypes, which cluster in distinct monophyletic groups (Caterino et al. 2000 , Navia et al. 2005 , Mahani et al. 2009 ). These results have been taken as evidence of the presence of a cryptic species within each of T. kanzawai and T. parakanzawai. The existence of a cryptic species in T. parakanzawai has also been suggested from host plant differences. T. parakanzawai was Þrst found on the kudzu vine (Pueraria montana (Loureiro) Merrill) at Ami, Ibaraki (Honshu) (Ehara 1999) . Strains of T. parakanzawai from Hokkaido to Honshu (clade Tpa2) were collected from kudzu vine (P. montana), red clover (Trifolium pratense L.), and mulberry (M. bombysis). In contrast, strains of T. parakanzawai from Okinawa (clade Tpa1) was found on only inland indigenous plants (Ohno et al. 2009 (Ohno et al. , 2010 such as Melanolepis multiglandulosa (Reinwardt ex Blume) Reichenbach & Zollinger, Japanese mallotus (Mallotus japonicus (L.f.) Mü ller Argoviensis), and aino mulberry (Morus australis Poiret).
In each of T. kanzawai and T. parakanzawai, the backcrosses between strains that originated from different clades resulted in a severe reduction of the number of hybrid females that oviposited and no B 1 hatchlings (Tables 3 and 4 ), indicating that the intraspeciÞc strains of different clades are reproductively isolated. Subsequently, the cryptic species identiÞed in the COI trees were conÞrmed by cross experiments. We were unable to Þnd any morphological differences between the two different clades of each species.
Our results indicate that longer COI sequences (900 bp) can provide a powerful tool for species identiÞcation of the genus Tetranychus in Japan. However, a combination of different methods provides more reliable identiÞcation. For identifying Tetranychus species, DNAbased methods, used carefully and in conjunction with morphological characters and ecological information, offer the possibility of a signiÞcant increase in efÞcient and consistently accurate species identiÞcation. Though the monophyly of most Tetranychus species was well supported with high bootstrap values, the phylogenetic relationships among species in the genus Tetranychus were not resolved in this study because the bootstrap values on deep nodes were low (Figs. 3  and 4 ). This could be caused by saturated sequence data as the result of using an inappropriate gene region, because transitional substitutions in the ITS region (Fig. 1a) and the COI gene (Fig. 1b) were saturated. The development of more suitable molecular markers and collections of Tetranychus species from other parts of the world will help to resolve the relationships among the species in this genus.
